Introduction
============

Gastric cancer commonly develops within the lining of the stomach ([@b1-etm-0-0-8655]). The diagnosis rate has recently greatly increased with \~28,000 new cases of gastric cancer diagnosed in the USA during 2017 according to the National Cancer Institute ([@b2-etm-0-0-8655]). The mechanism for the development and progression of gastric cancer is not fully understood which hampers the search for novel treatments ([@b3-etm-0-0-8655]). Chemotherapy and radiotherapy are the most commonly used approaches to treat gastric cancer despite being time-consuming and susceptible to development of drug resistance ([@b4-etm-0-0-8655]). The mechanisms of gastric cancer were reported to involve the increasing platinum-DNA adducts and apoptosis-regulating genes ([@b5-etm-0-0-8655]). It is of great value to understand the underlying mechanisms to accelerate the search for a new therapeutic target for gastric cancer.

MicroRNAs (miRs) are a class of small, single-stranded and non-protein-coding RNAs. They are implicated in the expression of mRNA ([@b6-etm-0-0-8655]) and regulation of various biological activities such as tumor development, cardiac diseases and hepatitis ([@b7-etm-0-0-8655]). Recent studies have demonstrated that miRs facilitated cancer progression by targeting speciﬁc genes ([@b8-etm-0-0-8655],[@b9-etm-0-0-8655]) and some functional miRs may be used to treat cancer. A common type of miR, miR-454, has been identified to be involved in the development of cancer ([@b10-etm-0-0-8655]). Expression of miR-454 is downregulated in osteosarcoma and glioblastoma and thus recognized as a potential tumor suppressor ([@b11-etm-0-0-8655],[@b12-etm-0-0-8655]). By contrast, miR-454 is overexpressed in colorectal cancer, uveal melanoma and hepatocellular carcinoma suggesting that it could also be an oncogene ([@b13-etm-0-0-8655],[@b14-etm-0-0-8655]). However, the relationship between miR-454 and gastric cancer remains uninvestigated.

The present study demonstrated that miR-454 promoted cellular proliferation and inhibited apoptosis of SGC-7901 gastric carcinoma cells, through downregulation of CYLD. It was identified that miR-454 could also induce oxaliplatin (OXA) resistance of gastric carcinoma cell via targeting CYLD. Taken together, the results suggested that miR-454 may be a potential novel therapeutic target of gastric cancer.

Materials and methods
=====================

### Cell culture and transfection

Human SGC-7901 gastric cancer cells were obtained from the Cell Bank of the Guangzhou Institute of Biochemistry and Cell Biology (Guangzhou, China). The cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM), supplemented with fetal bovine serum (FBS) and incubated at 37˚C in a humidified atmosphere containing 5% CO~2~.

The control (scramble) and miR-454 mimics, and the miR-454 inhibitor and its associated negative control, were synthesized by Shanghai GenePharma Co., Ltd. and added to cells at a concentration of 20 nmol/l per oligonucleotide. The sequences were as follows: miR-454 mimic, 5\'-UGGGAUAUUCGCUGGAAUCCUCAU-3\'; miR-454 inhibitor, 5\'-UCACAUAGGAAUAAAAAGCCAUA-3\'; inhibitor control, 5\'-CAGUACUUUUGUGUAGUACAA-3\'. Cells were collected 48 h post-transfection for subsequent experimentation. DharmaFECT1 reagent (GE Healthcare Dharmacon, Inc.) was used to perform the transfections according to manufacturer\'s protocol.

For the ectopic expression of CYLD, CYLD ORFs with 3\'-UTR was amplified from the RNA samples of HepG2 or BEL-7402 cells using PCR and subcloned into the two restriction sites of pEGFP-C1 (Clontech Laboratories, Inc.) and pGL3 vectors (Promega Corporation). The primers used were as follows: CYLD-3\'UTR-GFP forward, 5\'-GCCCTCGAGCTTGACTCCGTTCCCCTTCAGAC-3\' and reverse, 5\'-GCCGGATCCAACCAAGGGCAGTTGAGTC-3\' and CYLD-3\' UTR-luc forward, 5\'-GCCCCGCGGCTCCGTTCCCCTTCAGAC-3\' and reverse, 5\'-GCCCTGCAGAACCAAGGGCAGTTGAGTC-3\'. Reporter gene assay was initiated 24 h post-transfection. A total of 5 µg plasmids were used per transfection reaction. Lipofectamine^®^ 3000 transfection reagent was used in this study (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated using TRIzol^®^ Reagent (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was synthesized using High-Capacity cDNA reverse transcriptase kit (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. The expression of mRNA and miRNA were quantified using TaqMan^™^ Universal PCR Master Mix (Invitrogen; Thermo Fisher Scientific, Inc.) by RT-qPCR in the ABI 7500 System (Bio-Rad Laboratories, Inc.) according to manufacturer\'s protocols. The primers selected are as follows: CYLD forward, 5\'-TCCTCTCCAAAATGCCAGAG-3\' and reverse, 5\'-GGCGGATTGGAAATGAACTT-3\'; miR-454 forward, 5\'-TCAAGAGGCGAACACACAAC-3\' and reverse, 5\'-GGCCTTTTCATTGTTTTCCA-3\'; GAPDH forward, 5\'-GACTCATGACCACAGTCCATGC-3\' and reverse, 3\'-AGAGGCAGGGATGATGTTCTG-5\' and U6 snRNA forward, 5\'-ATACAGAGAAAGTTAGCACGG-3\' and reverse, 3\'-GGAATGCTTCAAAGAGTTGTG-5\'. GAPDH and U6 snRNA were selected as the internal control for mRNA and miRNAs, respectively. The thermocycling conditions were as follows: Initial denaturation at 95˚C for 20 sec, followed by 45 cycles of 95˚C for 10 sec and 70˚C for 5 sec. Relative expression levels were calculated using the 2^-ΔΔCq^ method ([@b15-etm-0-0-8655]).

### Cell proliferation assay

SGC-7901 cancer cells were seeded in 96-well plates (4x10^3^ cells/well). CCK-8 solution (Dojindo Molecular Technologies, Inc.) was added to each well at 24, 48, 72, 96 and 120 h following cell seeding. The number of viable cells was then counted at a wavelength of 450 nm following the manufacturer\'s protocol.

### Colony formation assay

SGC-7901 human gastric cancer cells were seeded into 6-well plates at a density of 1,000 cells/well and incubated for 12 days. The colonies were fixed with formaldehyde for 20 min then stained with 1% crystal violet (Sigma-Aldrich; Merck KGaA) for 30 sec. Colonies with over 50 cells were counted.

### Flow cytometric analysis of apoptosis

Cells were stained with Annexin V-fluorescein isothiocyanate (Clontech Laboratories, Inc.) and 7-amino-actinomycin D (10 µg/ml; Sigma-Aldrich; Merck KGaA) at 4˚C for 30 min and were measured using BD FACSCalibur^TM^ system (Becton-Dickinson; BD Biosciences). The experiment was repeated three times and the data was analyzed with Multi Cycle Flow System Software (V-321; Phoenix flow systems, Inc.). Cell apoptosis was examined with Annexin V FITC/7-amino-actinomycin D double staining.

### Luciferase activity assay

Luciferase activity assay was performed with the Dual-Luciferase Reporter Assay System (Promega Corporation). Cells were seeded into 96-well plates at 4,000 cells/well. The pGL3-luciferase reporter gene plasmids pGL3-CYLD-3\'-UTR mutant (Mut) or pGL3-CYLD-3\'-UTR wild-type (WT) were purchased from Guangzhou RiboBio Co., Ltd. They were co-transfected (5 µg) into SGC-7901 human gastric cancer cells, along with *Renilla* plasmid and miR-NC (negative control; 100 nmol/l) or miR-454 (100 nmol/l) using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). Firefly luciferase activity of the transfection efficiency was normalized to *Renilla* luciferase activity.

### Bioinformatics analysis

The public web-based prediction site TargetScan 7.1 (<http://www.targetscan.org>) was used to predict the potential miRNA-targeted gene transcripts.

### Western blot analysis

Total proteins were extracted with radioimmunoprecipitation assay buffer (1% NP-40, 0.5% sodium deoxycholate, 50 mM Tris-HCl, 0.1% SDS, 150 mM NaCl, pH 7.5) supplemented with 1% protease inhibitor. The solution was centrifuged at 15,000 x g at 4˚C for 5 min, after which the supernatant was collected. Protein concentrations were quantified using Bio-Rad protein assay (Bio-Rad Laboratories, Inc.). The target protein (30 µg) was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto the nitrocellulose membranes (Bio-Rad Laboratories, Inc.). The membrane was blocked with 5% non-fat milk solution for 1 h at 4˚C and incubated with anti-GAPDH (1:500; cat. no. ab181602; Abcam) and anti-CYLD (1:1,000; cat. no. 4495; Cell Signaling Technology, Inc.) primary antibodies at 4˚C for 12 h, washed briefly and then incubated with a horseradish peroxidase-conjugated secondary antibody (1:1,000; cat. no. sc-2357; Santa Cruz Biotechnology, Inc.) at 4˚C for 2 h. Intensity of bands was analyzed using Image-Pro Plus 6.0 software (Media Cybernetics, Inc.) with chemiluminescence (Amersham Pharmacia Biotech; GE Healthcare) with GAPDH as the loading control.

### Statistical analysis

Data are presented as the mean ± standard deviation. Statistical significance was assessed using unpaired two-tailed Student\'s t-test for comparisons between two groups or using one-way analysis of variance followed by Newman-Keuls comparison for more than three groups. Data were processed with GraphPad Prism v.8.0 (GraphPad Software, Inc.). P\<0.05 was considered to indicate statistical significance.

Results
=======

### miR-454 promotes proliferation and inhibits apoptosis in gastric cancer cells

Expression of miR-454 in SGC-7901 gastric cancer cells was measured post-transfection ([Fig. 1A](#f1-etm-0-0-8655){ref-type="fig"}). Compared with the control group, miR-454 expression significantly increased upon transfection (P\<0.01; [Fig. 1A](#f1-etm-0-0-8655){ref-type="fig"}) but significantly decreased upon transfection with miR-454 inhibitor (P\<0.05; [Fig. 1A](#f1-etm-0-0-8655){ref-type="fig"}). At 120 h, proliferation of the miR-454 groups was significantly higher compared with the control group. Proliferation of the inhibitor-transfected group was significantly lower than the NC-in group (P\<0.01; [Fig. 1B](#f1-etm-0-0-8655){ref-type="fig"}). The number of colonies of SGC-7901 increased with the expression of miR-454 (P\<0.001, [Fig. 1C](#f1-etm-0-0-8655){ref-type="fig"}) but decreased in the miR-454-in group compared with the NC-in group (P\<0.001, [Fig. 1C](#f1-etm-0-0-8655){ref-type="fig"}). In addition, miR-454 expression was related to SGC-7901 cell apoptosis rate ([Fig. 1D](#f1-etm-0-0-8655){ref-type="fig"}) where the control group demonstrated much higher apoptosis rate than the miR-454 group (P\<0.05; [Fig. 1D](#f1-etm-0-0-8655){ref-type="fig"}) whilst the NC-in group demonstrated a decreased apoptosis rate compared with the miR-454-in group (P\<0.01; [Fig. 1D](#f1-etm-0-0-8655){ref-type="fig"}). Taken together, these findings suggested that miR-454 suppressed apoptosis in SGC-7901 cells.

### miR-454 directly downregulates CYLD

CYLD was predicted to be a miR-454 target gene, based on analysis with TargetScan (<http://www.targetscan.org/vert_72/>) ([Fig. 2A](#f2-etm-0-0-8655){ref-type="fig"}). The relationship between CYLD and miR-454 was examined by the luciferase reporter assay ([Fig. 2B](#f2-etm-0-0-8655){ref-type="fig"}) Results determined that luciferase activity of the wild-type construct was significantly reduced by miR-454 (P\<0.05; [Fig. 2B](#f2-etm-0-0-8655){ref-type="fig"}), but there was no significant effect observed with the mutant construct. These results were further confirmed by data demonstrating that the expression of CYLD mRNA and protein was inhibited by miR-454 overexpression ([Fig. 2C](#f2-etm-0-0-8655){ref-type="fig"} and [D](#f2-etm-0-0-8655){ref-type="fig"}).

### miR-454 promoted proliferation and inhibited apoptosis in gastric cancer cells via targeting CYLD

Western blot analysis determined that the miR-454-induced inhibition of CYLD was reversed upon the transfection of pCDNA CYLD into the SGC-7901 cells ([Fig. 3A](#f3-etm-0-0-8655){ref-type="fig"}). Results for the proliferation assays, colony formation and apoptosis assays demonstrated that co-transfection of miR-454 mimic and pCDNA CYLD counteracted the effects of miR-454 on cell proliferation and apoptosis ([Fig. 3B-D](#f3-etm-0-0-8655){ref-type="fig"}). These results suggested that the effects of miR-454 on gastric cancer cells were mediated by downregulating CYLD.

### miR-454 enhances oxaliplatin resistance in gastric cancer cells

SGC-7901 cells in the miR-454 group exhibited higher cell viability than the control group following treatment with oxaliplatin ([Fig. 4A](#f4-etm-0-0-8655){ref-type="fig"}). Cell viability of the miR-454-in group was lower than the NC-in group following oxaliplatin treatment ([Fig. 4B](#f4-etm-0-0-8655){ref-type="fig"}). Apoptosis rate was significantly higher for the oxaliplatin group compared with the controls (P\<0.001; [Fig. 4C](#f4-etm-0-0-8655){ref-type="fig"}). Overexpression of miR-454 reversed the effect of oxaliplatin ([Fig. 4C](#f4-etm-0-0-8655){ref-type="fig"}). Apoptosis rates of the oxaliplatin and Oxp + miR-454-in groups increased (P\<0.01; [Fig. 4D](#f4-etm-0-0-8655){ref-type="fig"}) with the Oxp+miR-454-in group higher than the oxaliplatin group (P\<0.05, [Fig. 4D](#f4-etm-0-0-8655){ref-type="fig"}). These results suggested that drug resistance was reversed by inhibiting miR-454 and that miR-454 decreased the sensitivity of SGC-7901 cells to oxaliplatin.

Discussion
==========

The present study evaluated the effects of miR-454 on gastric cancer cell proliferation and explored the corresponding mechanism. The effect of miR-454-induced oxaliplatin resistance was also observed. Overexpression of miR-454 increased the number of gastric cancer cell colonies formed and decreased apoptosis rate, which indicated that miR-454 promoted proliferation. CYLD was directly downregulated by miR-454 thus increasing the survival rate of the SGC-7901 cells. These results suggested that the influence of miR-454 on SGC-7901 cells was achieved via downregulating CYLD. It was also determined that miR-454 reduced the sensitivity of SGC-7901 cells to oxaliplatin, which may further influence the therapeutic effects of oxaliplatin on gastric cancer. The present study provided preliminary evidence for the effect of miR-454 on gastric carcinoma cells and could be used to develop a novel approach for gastric cancer treatment.

Regulation of miRNA expression has recently been used for the treatment of various types of tumor ([@b16-etm-0-0-8655],[@b17-etm-0-0-8655]). The regulatory function of miRNAs in gastric cancer remains not fully understood therefore it would be beneficial to study the role of miR-454 in regards to this condition. Overexpression of miR-454 promoted proliferation of SGC-7901 cells whilst inhibition of miR-454 decreased it which suggested that inhibiting miR-454 may be a potential treatment approach to gastric cancer.

Effects of miR-454 on the progression of various cancers have been comprehensively reported. Inhibition of miR-454 suppresses the invasion and proliferation of hepatoma cells by inhibiting chromodomain helicase DNA binding protein 5([@b14-etm-0-0-8655]). Tumorigenesis of lung cancer and uveal melanoma is accelerated by miR-454 via targeting the phosphatase and tensin homolog deleted on chromosome ten ([@b13-etm-0-0-8655],[@b10-etm-0-0-8655]). The tumor-suppressing functions of miR-454 have been demonstrated including the inhibition of glioma cell proliferation by miR-454([@b11-etm-0-0-8655]); inhibition of osteosarcoma invasion and proliferation by miR-454 via inhibiting c-Met ([@b12-etm-0-0-8655]); and cellular radiated susceptibility of renal carcinoma cells promoted by miR-454 via targeting the cell translocation gene ([@b18-etm-0-0-8655]). The present study demonstrated that miR-454 could regulate the survival of gastric cancer cells.

CYLD is a deubiquitination enzyme that functions as a regulator in the NF-κB and transforming growth factor-β signaling pathways ([@b19-etm-0-0-8655]), and also as a tumor suppressor ([@b20-etm-0-0-8655]). It has been reported that CYLD inhibited c-Jun N-terminal kinase and uncontrolled activation of TGF-β activated kinase 1, which, in turn regulated hepatocyte homeostasis ([@b21-etm-0-0-8655],[@b22-etm-0-0-8655]). The present study determined that CYLD was a target gene of miR-454. The results demonstrated that miR-454 downregulated CYLD mRNA and protein expression which increased the apoptosis rate of cancer cells.

The overexpression of miR454 in gastric cancer tissues has been previously reported ([@b23-etm-0-0-8655]) where it was hypothesized that overexpression of miR-454 was associated with the advancement of the clinical stage, metastases of the lymph node and a poor prognosis for patients. CYLD acts as a suppressor in many types of tumor including breast cancer and non-melanoma skin cancer ([@b24-etm-0-0-8655],[@b25-etm-0-0-8655]). Both miR-425-5p and miR-20a promote the progression of gastric cancer via regulating CYLD ([@b26-etm-0-0-8655],[@b27-etm-0-0-8655]).

Oxaliplatin is an effective chemotherapeutic drug commonly used for treating gastric carcinoma ([@b28-etm-0-0-8655]). Despite the high remission rate, most patients will ultimately develop resistance to the oxaliplatin-based chemotherapy treatment ([@b29-etm-0-0-8655]) with the underlying mechanism not fully understood. The present study demonstrated that downregulation of miR-454 could improve the outcome of oxaliplatin treatment on SGC-7901 cells. The *in vitro* study suggested miR-454 increased stomach cell proliferation and induced drug resistance to oxaliplatin by directly targeting CYLD. It would be of use to carry out *in vivo* studies to confirm the results, as the *in vitro* study (i.e., cancer cell lines) might not accurately reflect the *in vivo* environment however findings demonstrated that miR-454 might be a novel therapeutic target for gastric cancer.
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![miR-454 promotes proliferation and inhibits apoptosis for SGC-7901 cells. (A) Comparison of miR-454 mRNA expression using RT-qPCR. (B) Proliferation of SGC-7901 cells. (C) Representative colony formation micrographs (left) and quantification of cell colonies (right). (D) Representative flow cytometry analysis (left) and quantification of apoptotic cells (right). ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control. miR, microRNA; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; OD, optical density; NC, negative control; in, inhibitor.](etm-19-06-3604-g00){#f1-etm-0-0-8655}

![miR-454 directly downregulates CYLD. (A) Predicted target sequence for miR-454 on the 3\'UTR of the CYLD gene. Six nucleotides, denoted in red font, were altered to generate the mutant construct. (B) The relative luciferase activities of CYLD-MUT and CYLD-WT. (C) CYLD mRNA expression analysed by RT-qPCR. (D) Western blot analysis of CYLD expression. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control. miR, microRNA; CYLD, cylindromatosis; UTR, untranslated region; MUT, mutant; WT, wild-type; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.](etm-19-06-3604-g01){#f2-etm-0-0-8655}

![miR-454 promotes proliferation and inhibits apoptosis of SGC-7901 cells via targeting CYLD. (A) Western blot analysis of CYLD expression. (B) Proliferation of SGC-7901 cells. (C) Representative colony formation micrographs (left) and quantification of cell colonies (right). (D) Representative flow cytometry analysis (left) and quantification of apoptotic cells (right). ^\*\*^P\<0.01 vs. control. miR, microRNA; CYLD, cylindromatosis; OD, optical density; FITC, fluorescein isothiocyanate; PI, propidium iodide.](etm-19-06-3604-g02){#f3-etm-0-0-8655}

![Overexpression of miR-454 increases the resistance to oxaliplatin. (A) Comparisons of cell viability between the control and miR-454 groups with ascending concentrations of oxaliplatin. (B) Comparisons of cell viability between the NC-in and miR-454-in groups with different oxaliplatin concentrations. (C) Representative flow cytometry analysis (left) and quantification of apoptotic cells (right). (D) Representative flow cytometry analysis (left) and quantification of apoptotic cells (right). Cells were collected 48 h post-transfection for subsequent experimentation. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control. ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. oxaliplatin group. miR, microRNA; NC, negative control; in, inhibitor; Oxp, oxaliplatin; FITC, fluorescein isothiocyanate; PI, propidium iodide.](etm-19-06-3604-g03){#f4-etm-0-0-8655}
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